Peptide loading of MHC class II (MHCII) molecules is directly catalyzed by the MHCII-like molecule HLA-DM (DM). Another MHCII-like molecule, HLA-DO (DO), associates with DM, thereby modulating DM function. The biological role of DO-mediated regulation of DM activity in vivo remains unknown; however, it has been postulated that DO expression dampens presentation of self antigens, thereby preventing inappropriate T cell activation that ultimately leads to autoimmunity. To test the idea that DO modulation of the MHCII selfpeptide repertoire mediates self tolerance, we generated NOD mice that constitutively overexpressed DO in DCs (referred to herein as NOD.DO mice). NOD mice are a mouse model for type 1 diabetes, an autoimmune disease mediated by the destruction of insulinsecreting pancreatic b cells. Our studies showed that diabetes development was completely blocked in NOD.DO mice. Similar to NOD mice, NOD.DO animals selected a diabetogenic T cell repertoire, and the numbers and function of Tregs were normal. Indeed, immune system function in NOD.DO mice was equivalent to that in NOD mice. NOD.DO DCs, however, presented an altered MHCII-bound self-peptide repertoire, thereby preventing the activation of diabetogenic T cells and subsequent diabetes development. These studies show that DO expression can shape the overall MHCII self-peptide repertoire to promote T cell tolerance. .
Introduction
Type 1 diabetes (T1D) is a chronic autoimmune disease mediated by the destruction of insulin-producing pancreatic β cells by self-reactive T cells. The self-reactive T cells eventually mediate the destruction of enough pancreatic β cells, ultimately leading to severe insulin deficiency. In NOD mice, the mouse model of T1D, defects in both central and peripheral T cell tolerance have been implicated in disease induction (1) . The presentation of peptides derived from islet proteins bound to MHC class II (MHCII) molecules on the surface of DCs is essential for the maintenance of central and peripheral tolerance. Recognition of such complexes by self-reactive CD4 T cells normally leads to the deletion or functional inactivation of the self-referential T cell populations. Breakdown in tolerance mechanisms leads to autoimmunity.
The presentation of MHCII peptide complexes by DCs is important not only for central and peripheral T cell tolerance but also for the initial activation of naive CD4 T cells (2) . Indeed, the activation of self-reactive T cell responses that ultimately lead to β cell destruction and T1D requires presentation of islet-derived antigens (Ags) by DCs (3, 4) . Additionally, DC Ag presentation is thought to drive disease amplification that maintains the autoimmune response and results in β cell destruction (5) .
Although genetic susceptibility to T1D is controlled by multiple loci in both humans and NOD mice, the major susceptibility locus is the MHC region, which accounts for approximately 50% of the total genetic contribution to T1D (6) . NOD mice express an unusual I-A molecule (I-A g7 ) that contains a nonaspartic acid substitution at position 57 of the β chain. This polymorphism substantially alters the repertoire of presented peptides as compared with related alleles (7, 8) . I-A g7 expression is crucial for T1D development, in part because the altered I-A g7 -bound peptide repertoire in NOD mice has been shown to mediate the selection of self-reactive T cells in the thymus (9) . Significantly, this substitution is also seen in the human DQ β chain, the human MHCII allele linked to T1D (10) .
The molecular pathways by which MHCII molecules acquire peptide cargo have been examined in detail (reviewed in ref. 11 ). Briefly, newly formed MHCII αβ heterodimers associate with the invariant chain (Ii) during their assembly in the ER. Ii occupies the peptide-binding groove of MHCII, preventing unfolded proteins in the ER from binding to MHCII molecules. Ii also functions to target MHCII-Ii complexes to late endosomal compartments in which Ii is degraded by resident proteases, leaving only small fragments of Ii, class II-associated Ii peptides (CLIP), in the MHCII peptide groove. Exchange of CLIP for peptides derived from self proteins and foreign Ags is catalyzed by the action of the MHCIIlike molecule H2-M (HLA-DM in humans [DM]). H2-M also functions as a peptide editor and an MHCII-specific chaperone that stabilizes peptide-receptive MHCII. Following peptide binding, the resultant MHCII peptide complexes are transported to the cell surface for presentation to CD4 T cells.
Peptide loading of MHCII molecules is modulated in DCs, B cells, and medullary thymic epithelial cells by the association of another class II-like molecule, HLA-DO (DO; H2-O in mice) with DM/H2-M (12) (13) (14) (15) (16) (17) . DM/DO (H2-M/H2-O) association is initiated in the ER and maintained during and after transport to endosomal compartments in which the DM/DO complex resides (18) . The tight association of DM with DO modulates the peptide-loading function of DM, resulting in an altered MHCII-bound peptide repertoire (19) . Importantly, DO/H2-O is downregulated upon APC activation, freeing DM/H2-M from DO/H2-O inhibition, presumably resulting in an optimally active MHCII peptide-loading pathway upon pathogen encounter in vivo (15, 17, (20) (21) (22) .
DO expression in nonactivated APCs has been suggested to generate a broad, tolerogenic MHCII-bound peptide pool by dampening DM/H2-M activity (12, 23) . Thus, DO/H2-O expression potentially has an important role in preventing autoimmune diseases such as T1D by promoting central and peripheral T cell tolerance. Data supporting this idea, however, are lacking. Ag presentation by DCs is known to be essential for T1D disease initiation and propagation (3, 4) . Therefore, to directly assess the role of DO/H2-O in altering the MHCII peptide repertoire and the impact this would have on T1D, diabetes-prone NOD mice that express human DO in DCs were generated. Our studies showed that diabetes development was completely blocked by DO expression in DCs. Protection was most likely not due to a change in central tolerance, nor was it likely mediated by an alteration in regulatory T cell function. T1D protection was due to the inefficient presentation of self Ag by DO-overexpressing DCs to autoreactive T cells. These studies provide direct evidence that DO/H2-O maintains peripheral tolerance and suggest a novel therapeutic approach for the prevention and treatment of T1D.
Results
NOD mice overexpressing DO in DCs are protected from T1D. The initial activation and subsequent maintenance of islet-specific T cell responses that ultimately leads to autoimmune diabetes is driven by DCs displaying MHCII molecules complexed with peptides derived from islet-derived self proteins (3, 4) . Previous studies from our lab showed that MHCII self peptide presentation on the surface of C57BL/6, B10.BR, and C57BL/6 × B10.BR F 1 DCs was modulated by the expression of DO (24) . DO expression in the CD11c-DO Tg mice was achieved by placing the human DOA and DOB genes under the control of the DC-specific CD11c promoter, which resulted in impaired H2-M function and altered MHCII Ag processing and presentation (24) . Human DO and mouse H2-O are highly conserved, and thus the human proteins were used to generate these transgenic mice to allow us to take advantage of antibodies specific for the human DO heterodimer. To determine whether DO-mediated modulation of the MHCII peptide repertoire could impact T1D, the CD11c-DO Tg mice were crossed onto the NOD background for more than 15 generations (NOD.DO). Microsatellite analysis confirmed that Idd-recessive loci were NOD derived (data not shown). For all studies in which NOD.DO mice were compared with NOD mice, non-Tg littermate control mice were used and will be referred to in the text hereafter as NOD mice.
As expected, nearly all CD11c + DCs in NOD.DO mice expressed the transgene-encoded DO ( Figure 1A ). In addition, a fraction of the marginal zone (MZ) and follicular (FO) B cells were also found to express the protein ( Figure 1B ). Activated B cells have been shown to express CD11c, potentially explaining the expression of the DO transgene in a subset of total B cells (25) . DO expression was not observed in any other cell types. Overall DC development was normal in NOD.DO mice (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI40220DS1), and NOD and NOD.DO DCs had similar levels of CD80, CD86, CD40, and ICAM-1, indicating that DC activation was not altered (data not shown). Additionally, no major differences in the percentages and absolute numbers of CD4 and CD8 T cells or FO and MZ B cells were observed in the thymus, spleen, and pancreatic lymph nodes (PLN) of NOD.DO mice (Supplemental Figure 2 and data not shown). Finally, the expression of CD44, CD69, and CD62L on T cells was unaltered in NOD.DO mice, showing that the overall T cell activation was normal (data not shown).
To determine whether DO expression in DCs would alter diabetes development, age-matched female NOD.DO and littermate control non-Tg NOD mice were tested for diabetes onset by monitoring urine glucose levels for 50 weeks. As shown in Figure 1C , diabetes onset in NOD mice first occurred at 17 weeks of age, and 94% were diabetic by 50 weeks. In contrast, NOD.DO mice did not develop diabetes; all mice remained diabetes free throughout the 50-week period of analysis. To rule out aberrant insertion of the transgenes into a loci that alters immune cell function as the mechanism of protection from diabetes, an additional line of NOD.DO mice was generated by coinjection of the DO transgenes directly into NOD blastocysts. This additional line of NOD. DO mice (NOD.DO2) also remained diabetes free (Supplemental Figure 3 ). These data suggested that DO expression in NOD DCs provided a powerful means to downmodulate or alter the presentation of islet-derived peptides bound to MHCII molecules, thereby preventing T1D.
NOD.DO mice are protected from insulitis. The initial priming of autoreactive T cells that cause T1D has been shown to occur in the PLN (26). This event is followed by periislet infiltration and insulitis (1) . To determine whether DO expression prevents islet infiltration, a histological analysis of pancreata from female NOD. DO and Tg-negative littermate control NOD mice for evidence of periinsulitis and insulitis at 5, 10, 15, 25, and 35 weeks of age was performed. Representative sections show that insulitis and islet destruction were observed in control NOD mice starting by 10 weeks of age ( Figure 2A ). Quantification of histological sections showed that 70%, 52%, and 47% of the islets exhibited severe insulitis at 15, 25, and 35 weeks, respectively ( Figure 2B ). The lower percentages of insulitis in aged NOD mice are due to the early death of severely diabetic mice. In contrast, islets were well preserved in NOD.DO mice (Figure 2A ). Only 5%-7% of the islets showed aggressive infiltration by 15 weeks ( Figure 2B ). Remarkably, even 35-week-old mice had very little insulitis ( Figure 2B ). Although NOD.DO mice exhibited almost no insulitis, periinsulitis was observed in a similar percentage of control NOD and NOD.DO mice throughout the 35-week analysis ( Figure 2B ).
The near complete destruction of islets seen in NOD mice was essentially completely prevented in NOD.DO mice ( Figure 2C ). By 25 weeks, for example, many of the NOD mice had lost nearly all of their islets, while the number of islets in NOD.DO mice was maintained. Collectively, these data show that NOD.DO mice have periinsulitis similar to NOD mice, but that the initial nondestructive periinsulitis does not progress to the destructive insulitis that ultimately leads to overt diabetes.
NOD.DO mice have a diabetogenic T cell repertoire and functional Tregs.
CD11c + DCs located in the medulla of the thymus contribute to the negative selection of self-reactive T cells either by cross presentation of tissue-specific Ags derived from medullary thymic epithelial cells or by direct presentation of tissue-specific Ags expressed in DCs (27, 28) . Hence, it is possible that DO expression in thymic DCs alters T cell-negative selection such that pathogenic T cells are eliminated during T cell development in NOD.DO mice, thereby resulting in protection from diabetes.
Thus, to determine whether T cells from NOD.DO mice had diabetogenic potential, purified splenic T cells from 22-week-old NOD.DO mice were transferred into NOD.scid recipients. Old NOD.DO mice were used to increase the likelihood that there had been activation of pathogenic T cells. As a control, purified T cells from age-matched NOD mice were also transferred. All of the recipient mice that received T cells from NOD mice developed diabetes by 7 weeks after transfer ( Figure 3A ). In contrast, none of the mice that received T cells from NOD.DO mice had developed diabetes at the same time point. However, by 10 weeks, 60% of the recipients that received T cells from NOD.DO mice developed diabetes. Diabetes development, albeit delayed, clearly demonstrates the presence of pathogenic T cells in NOD.DO mice. The transfer of naive (prediabetic) T cells into NOD.scid recipients has been shown to dramatically delay diabetes onset (29) . Thus, the delayed onset of diabetes in NOD.DO T cell recipients is most likely explained by lack of sufficient pathogenic T cell priming in NOD.DO mice.
A second, albeit less likely possibility is that there was enhanced Treg function in NOD.DO mice. DO expression in DCs did not alter overall Treg selection and development, as NOD and NOD. DO mice have similar percentages and numbers of thymic, splenic, and PLN Tregs (Supplemental Figure 4 and data not shown). The higher numbers of Tregs observed in the thymus and spleen of NOD.DO mice compared with NOD mice is most likely due to diabetes onset in the older mice and is unlikely due to DO expression (Supplemental Figure 4 ). To further evaluate Treg function, CD25-depleted T cells from 22-week-old NOD and NOD.DO mice were transferred into NOD.scid recipients. Depletion of CD25 + T cells resulted in faster kinetics of diabetes development in recipients that received T cells from either NOD or NOD.DO mice ( Figure 3B ), demonstrating that Tregs in NOD.DO mice are capable of suppressing islet-specific T cell responses. Importantly, the removal of Tregs from NOD.DO T cells did not revert diabetes development to the time frame observed when CD25 + T cells were depleted from NOD T cells. Thus, DO expression did not promote the development of a Treg population harboring enhanced function. Together, these data suggest that NOD.DO mice have normal Tregs and a pathogenic T cell repertoire; however, the pathogenic T cells are not activated, as evident from the delayed disease onset. These data suggest that peripheral tolerance is the likely mechanism for protection from diabetes in NOD.DO mice, since the mice fail to develop diabetes despite the presence of pathogenic T cells. However, these studies are not quantitative and therefore cannot exclude the alternative possibility that delayed diabetes onset is due to reduced numbers of pathogenic CD4 T cells or pathogenic CD4 T cells with altered Ag specificities in NOD.DO mice.
DO expression in DCs does not prevent the selection, development, and function of islet-specific T cells. I-A g7 MHC tetramers loaded with the peptide mimitope 2.5 (A g7 /BDC13; AAVRPLWVRMEAA) specifically bind to the TCR expressed by BDC2.5 Tg T cells, which express a TCR specific for an unknown islet Ag (30) . A g7 /BDC13 tetramers also stain a distinct population of peripheral BDC2.5-like CD4 T cells in non-Tg NOD mice (30) . Accordingly, to determine whether islet-specific T cells are present in NOD.DO mice, PLN T cells from NOD.DO and wild-type NOD mice were stained with A g7 /BDC13 tetramers. A g7 /CLIP tetramers were used as a negative control, since this is an endogenous Ag that is expressed in the thymus, but T cells recognizing this self peptide are efficiently negatively selected and thus, are not present (30) . In PLNs pooled from mice, very few A g7 /CLIP-reactive CD4 T cells were found in NOD or NOD.DO mice, as expected ( Figure 4A ). However, similar numbers of tetramer-positive CD4 T cells were detected in the PLNs from both NOD and NOD.DO mice. The presence of peripheral A g7 /BDC13 tetramer-reactive CD4 T cells and the efficient selection of BDC2.5 TCR Tg T cells in NOD.DO mice show that islet-specific CD4 T cells could be positively selected in NOD.DO mice. These studies further support that overall T cell selection and function are not globally altered in NOD.DO mice.
NOD.DO mice were crossed with BDC2.5 TCR Tg mice (BDC2.5/NOD.DO) to determine whether thymocytes expressing this islet Ag-specific TCR could be selected (31, 32) . As shown in Figure 4B , BDC2.5 T cell selection was unaltered by DO expression in DCs, as was evident by the accumulation of CD4 T cells in both the thymus and spleen of BDC2.5/NOD.DO and BDC2.5/NOD animals.
To show that the BDC2.5 TCR Tg T cells that developed in the NOD.DO mice were functional and not rendered nonresponsive by the DO expression in DCs, CFSE-labeled T cells from BDC2.5/NOD. DO and control BDC2.5/NOD mice were transferred into NOD recipients. Purified T cells were transferred to remove any DO-overexpressing DCs that might influence Ag presentation in the recipient mice. Three days after transfer, the proliferation of the transferred T cells was measured by progressive CFSE dilution. BDC2.5 T cells from NOD.DO and NOD mice proliferated equally well in the PLN, but did not proliferate in other LNs of the recipient mice ( Figure 4 , C and D). Therefore, BDC2.5 T cells that developed in NOD.DO mice proliferated in response to specific MHCII peptide and were functional. Collectively, these studies show that BDC2.5-like and BDC2.5 TCR Tg T cells are subjected to central tolerance in NOD.DO mice and that the TCR Tg T cells selected in these mice are functional. However, since the islet Ag recognized by this TCR is unknown, it is not clear that the Ag represents a self Ag that is essential for disease development. Indeed, below we present data that suggest the Ag is not important (Supplemental Figure 5 ). Nevertheless, these studies show that DO expression does not have an impact on the selection and function of T cells specific for at least one islet Ag.
DO dampens the presentation of islet-derived autoAgs. The transfer of pathogenic T cells from diabetic NOD mice into prediabetic NOD mice results in rapid diabetes induction (29) . Thus, we reasoned that if DO prevents the presentation of relevant islet-derived auto-Ags by DCs, then when challenged with pathogenic T cells, NOD. DO mice would either show delayed diabetes development or would be protected. To test this idea, purified splenic T cells from recently diabetic NOD mice (<2 weeks after scoring positive for >250 mg/dl glucose in the urine) were transferred into sublethally irradiated 7-to 8-week-old NOD or NOD.DO recipients ( Figure 5A ). As expected, control NOD recipients rapidly developed diabetes, beginning at 2 weeks after transfer, with all mice diabetic by 12 weeks ( Figure 5B ). In contrast, diabetes development in NOD.DO recipient mice was dramatically delayed ( Figure 5B ). NOD.DO recipients did not develop diabetes until 10 weeks after transfer at a point when 93% of control NOD recipients were already diabetic. Even at 15 weeks after transfer, nearly half of the NOD.DO recipients remained diabetes free. These data strongly suggest that in NOD. DO mice, DC-mediated presentation of islet-derived self-Ags to pathogenic T cells was reduced. DO expression in NOD.DO mice is not restricted to DCs. A fraction of MZ and FO B cells also express DO ( Figure 1B ). To determine whether DO expression only in DCs was sufficient to protect NOD mice from diabetes, pathogenic T cells from recently diabetic NOD mice were transferred into RAG-1-deficient NOD (NOD.RAG1) and NOD.DO (NOD.RAG1.DO) mice ( Figure 5C ).
Figure 3
NOD.DO mice have a diabetogenic T cell repertoire and functional Tregs. (A) Purified splenic T cells (5 × 10 6 /mouse) from 22-week-old female NOD or NOD.DO mice were transferred into female NOD.scid mice. Recipient mice were monitored for diabetes development by measurement of urine glucose levels. (B) As in A, except CD25depleted T cells were transferred into recipients that were injected with α-CD25 at the time of transfer.
Since RAG-1-deficient mice lack B cells, this allowed us to assay islet Ag presentation only by DCs. As expected, control NOD. RAG1 recipients rapidly developed diabetes, beginning at 4 weeks after transfer, with 90% of the mice diabetic at 9 weeks ( Figure 5D ). In contrast, NOD.RAG1.DO recipient mice did not develop diabetes during the 9-week monitoring period ( Figure 5D ). These data further support that islet Ag presentation was reduced in DO-expressing mice. Furthermore, these studies show that the expression of DO only in DCs is sufficient to protect NOD mice from diabetes in a transfer system.
The experiments described above show that the overall I-A g7 peptide repertoire is altered in NOD.DO mice, supporting that protection from diabetes is mediated by decreased presentation of islet-derived Ags by NOD.DO DCs. Therefore, to determine whether DO expression prevented the presentation of a specific islet Ag by DCs located in the PLN, we performed an in vivo Ag presentation assay. Purified BDC2.5 TCR Tg T cells from NOD mice were labeled with CFSE and transferred into NOD and NOD.DO recipient mice, and T cell proliferation of the transferred T cells was measured 3 days later by monitoring CSFE dilution. BDC2.5 T cells proliferated equally in the draining PLN of NOD and NOD.DO recipients (Supplemental Figure 5) . These data show that DO expression does not inhibit the activation and expansion of at least one pathogenic T cell population. Since NOD.DO mice are protected from diabetes, DO expression may inhibit the presentation of a diabetes-initiating Ag (or Ags). Thus,
Figure 4
Selection and function of BDC2.5 T cells and BDC2.5-like T cells is unperturbed in NOD.DO mice. (A) PLN cells pooled from 5-to 7-week-old NOD and NOD.DO mice were stained with PE-labeled I-A g7 /CLIP or I-A g7 /BDC13 tetramers and APC-labeled anti-CD4 and tetramer-positive cells were enriched with anti-PE microbeads. Plots show tetramer versus CD4 after gating for CD3 + CD4 + B220 -CD8 -. Percentages on top of gates are percentages of CD4 + tetramer + cells and numbers to the left are absolute numbers of CD4 + tetramer + cells. These numbers were derived after analyzing 40% of the PLN lymphocytes pooled from 5 NOD or NOD.DO mice. Therefore, each mouse had approximately 70 BDC2. these data also support that the Ag recognized by the BDC2.5 TCR specificity is not likely to be a diabetes-initiating Ag.
Importantly, these data also show that DO expression does not induce a state of generalized immunosuppression, since pathogenic BDC2.5 T cells proliferated normally in NOD.DO mice. This is a key issue, as DO expression in DCs could inhibit overall Ag presentation, which in turn would create a state of generalized immunosuppression resulting in protection from diabetes. To further evaluate this possibility, control NOD and NOD.DO mice were immunized with the T cell-dependent Ag, NP-CGG, in alum and sera from the mice was monitored for the presence of NP-specific IgM and IgG. Results showed that there was no significant difference in the generation of NP-specific Ab responses in NOD and NOD.DO mice ( Figure 6 NOD.DO DCs display an altered MHCII peptide repertoire. The binding of some mAbs to MHCII molecules has been shown to be peptide dependent (33) (34) (35) (36) (37) (38) (39) . Therefore, we evaluated I-A g7 expression levels on splenic DCs in NOD and NOD.DO mice using a panel of mAbs that recognize I-A g7 : 10.2-16 (40), OX-6 (41), and AMS-32.1 (42) .
The recognition of I-A g7 on the cell surface of splenic DCs from NOD.DO mice by all 3 mAbs was dramatically reduced relative to the levels on NOD DCs ( Figure 7A ). The reactivity of mAbs 10-2.16, OX-6, and AMS-32.1 to DCs from NOD.DO mice was reduced to 78%, 42%, and 22%, respectively, relative to the levels obtained for NOD DCs (Figure 7B ). The reduced mAb reactivity to NOD.DO DCs was not due to sequestration of I-A g7 molecules in intracellular compartments, since the reactivity of mAbs 10-2.16 and OX-6 after fixation and permeabilization was also reduced for NOD.DO DCs (Figure 7, A and B) . The epitope recognized by mAb AMS-32.1 was destroyed by fixation, so this mAb could not be used to measure total I-A g7 reactivity. MHCII expressed by B cells from NOD and NOD.DO mice was, however, recognized at a similar level by all 3 mAbs (Figure 7 , C and D). Interestingly, DO + and DO -B cells from NOD.DO mice were also recognized to a similar degree by all 3 mAbs (Figure 7 , C and D), presumably due to approximately 2-fold lower DO expression in B cells than DCs in NOD.DO mice ( Figure 7E ). Immunoblot analysis of detergent lysates from purified NOD and NOD.DO splenic DCs using a polyclonal rabbit serum to the cytoplasmic tail of I-Aβ showed that overall I-A g7 levels are similar in NOD and NOD.DO DCs ( Figure 8A) . Thus, the reduced reactivity of mAbs 10-2.16, OX-6, and AMS-32.1 to NOD. DO DCs supports that DO expression alters the I-A g7 -bound peptide repertoire presented on the surface of NOD.DO DCs. A subset of MHCII peptide complexes remains stably associated in the detergent SDS, but dissociate upon boiling into free MHCII α and β chains (43) . SDS-stable I-A g7 -peptide complexes are less prevalent than for most MHCII alleles; however, they can be detected (44) . Thus, if the expression of DO in NOD DCs altered the I-A g7 -bound peptide repertoire, there should be a detectable change in the level of SDS-stable I-A g7 -peptide complexes. To test this idea, we performed immunoblotting of nonboiled and boiled lysates of NOD, NOD.DO, and C57BL/6 splenic DCs and B cells. A polyclonal rabbit serum against the cytoplasmic tail of I-Aβ was used for the detection of I-A g7 -peptide complexes to ensure the detection of all SDS-stable complexes. C57BL/6 DCs were included as a positive control, since a large percentage of I-A b -peptide complexes are known to remain stable in SDS ( Figure 8B ; band labeled "αβpep"). Both NOD DCs and B cells had detectable levels of SDS-stable I-A g7 -peptide complexes. This level, however, was clearly reduced in NOD.DO DCs ( Figure 8B ). Quantification of multiple experiments showed that the level of SDS-stable complexes in NOD.DO DCs was down approximately 60% relative to the level observed for NOD DCs (Figure 8C) . B cells from NOD.DO mice also had a slight reduction (~15%) in the level of SDS-stable dimers compared with NOD B cells ( Figure 8C) . Collectively, these studies show that DO expression in NOD DCs resulted in the presentation of an altered I-A g7 -peptide repertoire by NOD.DO DCs. B cells from NOD.DO mice also displayed an altered I-A g7 -peptide repertoire but to a much lesser extent than NOD.DO DCs.
Discussion
Peptide loading of MHCII molecules is directly catalyzed by DM, which also edits the MHCII-bound peptide repertoire and functions as an MHCII-specific chaperone. While the essential function of DM in shaping the MHCII peptide repertoire is well established, the ramification of DO modulation of DM function in vivo remains enigmatic. Generally, it is accepted that DO reduces or modulates the complexity or level of the MHCII self peptide repertoire. This leads to the attractive hypothesis that DO dampens the Ag-processing ability of DCs and B cells to reduce the possibility of activating self-reactive CD4 T cells and thereby contributes to the maintenance of peripheral tolerance and protection from autoimmunity.
The studies presented here show that DO expression in DCs prevents autoimmune diabetes development in NOD mice. DO inhibits or modulates DM/H2-M-mediated peptide loading (12) (13) (14) . Thus, the most plausible mechanism for protection from diabetes in NOD.DO mice is that DO blocks the presentation of isletderived peptides, thereby preventing the activation of pathogenic T cells. However, before drawing this conclusion, it was necessary to test other possible mechanisms for diabetes protection, such as altered central tolerance or enhanced Treg activity. Additionally, since DO modulates Ag presentation, it was possible that DO expression in NOD DCs created an overall immunosuppressive environment, which would prevent diabetes development.
Central tolerance is mediated by the deletion of the majority of autoreactive T cells in the thymus during development (45) . In NOD mice, defects in central tolerance are believed to result in a significant number of self-reactive T cells escaping to the periphery, which contributes to diabetes development (46) . The expression of DO in DCs of NOD mice, therefore, may also alter negative selection, which would result in protection from diabetes. Our studies showed that BDC2.5 TCR Tg T cells, which recognize an unknown islet-derived self peptide in the context of the I-A g7 , were selected properly in BDC2.5/NOD.DO mice (Figure 4, A and B) . In addition, similar numbers of BDC2.5-like T cells accumulated in the PLNs of NOD and NOD.DO animals ( Figure 4A ). These data, consequently, show that DO expression does not have an impact on the selection of at least one set of autoreactive T cells. However, it is important to note that it is not clear whether the unknown islet recognized by BDC2.5 T cells represents an Ag that is critical for diabetes development. Indeed, our data support that it is not likely to be a diabetes-initiating Ag (Supplemental Figure 5 ). Although we can't completely rule out the possibility that the overall pool of T cells selected in NOD.DO mice is not identical to those selected in NOD mice, peripheral T cells from NOD.DO mice clearly have the capacity to transfer diabetes to immunocompromised NOD.scid recipients ( Figure 3A) . This finding shows that NOD.DO mice have a diabetogenic T cell repertoire. It is, however, not possible to definitively rule out that NOD.DO mice have an altered CD4 T cell repertoire and/or decreased numbers
Figure 6
NOD and NOD.DO mice have similar NP-specific antibody responses. IgM (A) and IgG (B) responses to NP were measured by ELISA on days 0, 7, 14, and 54 after immunization of NOD (n = 6) and NOD.DO (n = 6) mice with NP-CGG in alum. Each symbol represents an individual mouse, and horizontal bars represent the mean values for each group. P values were computed using 2-tailed, unpaired Student's t test and showed no significance differences between NOD and NOD.DO mice.
of pathogenic T cells and that these differences might contribute to the protection of NOD.DO mice from T1D.
Tregs play an important role in controlling the development of TID in NOD mice. Genetic depletion of Tregs accelerates diabetes development, whereas the transfer of Tregs into NOD recipients can delay diabetes onset (1) . NOD Tregs show a defect in a standard in vitro suppression assay; however, a recent study shows that the main functional problem seems to lie in the ability of the NOD effector T cells to be regulated by Tregs (47) . Mice deficient in the expression of the Ii or cathepsin L, 2 molecules involved in the MHCII Ag presentation pathway, were shown to be protected from diabetes (48, 49) . The Ii is an essential MHCII chaperone that promotes MHCII surface expression, Ag presentation, and efficient CD4 T cell selection (11) . Cathepsin L is a lysosomal protease that is involved in generating peptides that are presented by MHCII molecules as well as mediating Ii cleavage in the thymic epithelial cells (50) . Protection from diabetes in Ii-and cathepsin L-deficient mice was mediated by an alteration in the balance of effector to Tregs caused by reduced conventional CD4 T cell numbers (48, 49) . Although NOD.DO mice also have altered MHCII Ag presentation, we found no alteration in Treg or CD4 T cell percentages or absolute cell numbers (Supplemental Figure 2A and Supplemental Figure 4 ) and there also was no significant alteration of the ratio of absolute Treg/CD4 T cell numbers in the PLNs, spleen, or thymus of NOD and NOD.DO mice (data not shown). Furthermore, Foxp3 levels in Tregs from NOD.DO and NOD mice are similar (data not shown), supporting that NOD.DO and NOD Tregs function equivalently. Indeed, NOD.DO Tregs are functional, as shown by earlier diabetes onset in NOD.scid recipients that received NOD. DO T cells depleted of Tregs ( Figure 3B) . Collectively, our data support that protection from diabetes in NOD.DO mice is unlikely to be caused by alterations in Treg function.
Although diabetes in NOD mice is primarily driven by CD4 and CD8 T cells, B cells also play a crucial, but poorly understood role, perhaps by secreting antibody that facilitates disease initiation and/or by supporting the expansion of diabetogenic CD4 T cells by the presentation of islet-derived autoAgs (1, 51). Ag-specific B cells are efficient at presenting on MHCII nonabundant Ags such as islet-derived Ags internalized by the B cell receptor. Furthermore, it has been suggested that B cells present a different subset of MHCII peptide complexes than CD4 T cells and that this might contribute to disease amplification via epitope spreading (52) . Transgenic DO expression in NOD.DO mice was not completely restricted to DCs. Approximately 20% of the total B cells also expressed the DO transgenes, with the majority of the DO-expressing B cells being MZ B cells. Our analysis of an additional NOD.DO Tg mouse line showed DO expression in only 10% of the B cells (Supplemental Figure 3 ). This line is also protected from diabetes, suggesting that expression of DO in B cells is not likely to be the main mediator of protection from diabetes. Furthermore, the transfer of pathogenic T cells into NOD.RAG1.DO mice, which lack DO-expressing B cells, results in the protection of these mice from diabetes. Thus, DO expression in DCs is sufficient to mediate protection.
Our studies support that DO expression most likely prevents diabetes in NOD mice by inhibiting the DC-mediated presentation of the islet-specific autoAg(s) that are essential for disease initiation. DO could block diabetes by several different mechanisms. First, DO may prevent the presentation of a potential primary initiating Ag, such as insulin (53) . By doing so, the disease would be blocked at the initial stage. Alternatively, if diabetes initiation is driven by multiple autoAgs, DO expression in DCs might inhibit the presentation of all the Ags or, more likely, only a subset of the self-Ags. The second situation is more plausible, since it has been shown that DO/H2-O downmodulates the presentation of peptides derived from some, but not all Ags (19, 24, 54) , an idea supported by our finding that BDC2.5 T cells proliferated well in NOD.DO mice. Importantly, these studies also showed that DO/H2-O expression did not completely inhibit presentation, but reduced the level of specific MHCII peptide complexes (19, 24, 54) . Hence, DO expression in NOD.DO mice most likely decreases the presentation of islet-derived peptides, but does not completely inhibit presentation. The low level of MHCII-islet peptide complexes on the surface of DCs in NOD.DO mice may be insufficient to fully drive optimal T cell activation. This idea is supported by the finding that NOD.DO mice exhibited a block in diabetes development at the stage between benign periinsulitis and destructive insulitis. Identification of the autoAgs that are targets of DO downmodulation in NOD.DO mice would allow these questions to be evaluated as well as potentially identify diabetes-initiating autoAg(s).
What is the in vivo function of DO/H2-O? Current untested ideas favor that DO/H2-O expression is important for maintaining central and peripheral tolerance (15, 17, 23) . In resting B cells, immature DCs, and thymic epithelium, DO/H2-O expression functions to dampen DM/H-2M activity, resulting in a potentially broad MHCII-bound peptide repertoire containing low levels of each individual self peptide that would promote peripheral T cell tolerance. Upon Ag-presenting cell activation, however, DO/H2-O protein expression is rapidly downregulated, releasing the brakes and fully activating DM/H2-M to focus the MHCII peptide pool such that Ag-specific MHC peptide complexes are optimally presented for T cell activation. This model predicts, of course, that DO/H2-O expression would be necessary for tolerance induction and protection from autoimmune diseases. As such, H2-O-deficient mice would be expected to show signs of autoimmunity, but this has not occurred, at least on a C57BL/6 background (W. Yi and L.K. Denzin, unpublished results). The results presented herein, however, clearly demonstrate that DO expression prevents autoimmune diabetes in NOD mice, strongly supporting a role for DO/H2-O in the maintenance of tolerance. DO expression may function to further broaden the steady-state MHCII peptide repertoire, effectively reducing the level of diabetes-promoting peptides to a point that is no longer effective at inducing T cell activation. A recent study using green fluorescent protein as a surrogate islet-specific Ag nicely demonstrated a DCdriven amplification loop during the progression to T1D in NOD mice (5) . These studies showed that initial T cell infiltration of pancreatic islets leads to intraislet DC maturation, DC migration to the PLN, and increased priming of more autoreactive T cells. It is possible that DO expression interrupts this amplification loop. Under normal circumstance, DO/H2-O expression is downregulated upon DC maturation (15, 17) . However, our previous studies showed that in CD11c-DO Tg mice, DO levels do not significantly decrease following DC maturation (24) . Thus, in NOD.DO mice, the initial T cell infiltrate may induce inflammation and subsequent DC maturation; however, DCs in NOD.DO mice would not downregulate DO expression, and although DCs may still migrate to the PLN, they would not arrive with optimum levels of MHCII peptide for T cell activation. Alternatively, DO expression might prevent the initial DC activation due to inadequate initial T cell priming.
Much attention has been placed on manipulating the T cell populations in NOD mice to treat and prevent disease (55) . In contrast, little effort has been made toward altering Ag presentation by DCs in an effort to prevent and treat diabetes. Presumably, the generalized negative consequences of preventing Ag presentation in patients seemed insurmountable. Our finding that DO-mediated alteration of the MHCII pathway in DCs prevents autoimmune diabetes in NOD mice is a "proof of principle" that shows that subtle changes in MHCII presentation are sufficient for disease prevention and highlights the potential for manipulation of Ag presentation as a means to treat and prevent autoimmune disease.
Methods
Mice. NODLt/J and NOD.scid mice were purchased from the Jackson Laboratory. BDC2.5/NOD mice were received from the JDRF Center on Immunological Tolerance in T1D Resource and were bred and maintained in Memorial Sloan-Kettering Cancer Center's (MSKCC's) animal facilities. The generation of C57BL/6 CD11c-DO Tg mice has been described (24) , and these were backcrossed more than 15 generations with NODLt/J. At the 15th backcross generation, the linkage markers associated with Idd-recessive loci were confirmed to be NOD-derived by microsatellite analysis by Charles River Laboratories Genetic Testing Services. NOD.DO mice were maintained by crossing with NODLt/J mice, and for all experiments in which NOD.DO mice were compared with NOD mice, non-Tg littermate control mice were used. BDC2.5/ NOD.DO mice were generated by crossing BDC2.5/NOD with NOD.DO mice. All mice were housed under specific pathogen-free conditions in MSKCC animal facilities. All experimental procedures were approved by the Institutional Animal Care and Use Committee of MSKCC. Diabetes was monitored by the measurement of urine glucose levels with Diastix (Bayer). Mice were considered diabetic after 2 positive measurements over 250 mg/dl, and onset of diabetes was recorded as the day of the first positive measurement. Female mice were used for all experiments except where noted.
Antibodies. The following fluorochrome or biotin-labeled mAbs were used for FACS analyses: anti-CD11c (HL3), anti-CD23 (FcεRII; B3B4), anti-CD21/CD35 (7G6), anti-MHCII (AMS-32.1), anti-CD45R (B220; RA33-6B2), anti-rat MHCII (OX-6), anti-CD19 (1D3), anti-CD4 (RM4-5), anti-CD8α (53-6.7), anti-CD25 (PC61), anti-TCR Vβ4 (KT4), anti-Foxp3 (FJK-16s), and anti-CD3 (17A2). These were from BD Biosciences -Pharmingen or eBioscience. Biotinylated mAbs were detected with APC-CY7-conjugated (Molecular Probes), APC-or PerCPCy5.5-conjugated (BD Biosciences -Pharmingen) streptavidin. Purified anti-CD25 (PC61) and anti-CD16/CD32 (Fcγ block; 2.4G2) were purchased from MSKCC's Monoclonal Antibody Core Facility at MSKCC. Anti-DO mAb Mags.DO5 (21) and anti-MHCII mAb 10-2.16 were purified from bioreactor supernatants using standard protein G Sepharose (Amersham Pharmacia Biotech) affinity chromatography and used as purified mAbs or conjugated with Alexa Fluor 647 (Molecular Probes) according to the supplied protocol. The rabbit anti-I-Aβ cytoplasmic tail Ab was a gift of Alexander Rudensky (MSKCC).
Flow cytometry. Freshly isolated cells from mechanically disrupted spleens, lymph nodes, or thymuses were depleted of erythrocytes by hypotonic lysis, washed with PBS containing 1% fetal bovine serum and 10 mM EDTA (pH 7.4) (staining buffer), and blocked in staining buffer containing 1 μg/ml Fcγ block and 10% normal mouse serum on ice for 15 minutes. Cells were then stained on ice for 20 to 30 minutes by the addition of specific antibodies. When biotinylated mAbs were used, a second staining with fluorochorome-labeled streptavidin for 15 minutes on ice was performed. Stained cells were analyzed using a BD 4-laser LSRII flow cytometer (BD Biosciences) and analyzed with FlowJo software. Dead cells were excluded from analysis by the addition of the cell vital dye DAPI. For intracellular staining, cells were incubated with mAbs specific for surface proteins and then fixed and permeabilized with Cytofix/Cytoperm (BD Biosciences -Pharmingen). After permeabilization, cells were stained for intracellular proteins. FACS staining of splenic DCs was performed following digestion of spleens in 400 U/ml collagenase D (Roche Applied Science) for 30 minutes at 37°C.
Histology. Excised pancreata from NOD.DO and nTg littermate control NOD mice were fixed in 4% formaldehyde, embedded in paraffin, and sectioned prior to H&E staining by MSKCC's Laboratory of Comparative Pathology. The total number of islets per section was counted, and the severity of lymphocyte invasion was scored for each islet. Noninvasive infiltration surrounding the islets was scored as periinsulitis. Infiltration of the pancreatic islet was scored as insulitis. The percentages of insulitis and periinsulitis were calculated by dividing the number of islets with periinsulitis or insulitis by the total number of islets examined. Three sections per mouse were scored.
Cell transfer studies. For adoptive transfers into NOD.scid recipients, T cells from 22-week-old NOD.DO and littermate non-Tg NOD mice were purified by negative selection with a Pan T cell Isolation Kit (Miltenyi Biotec). T cell purity was greater than 95%. Purified T cells (5 × 10 6 /mouse) were transferred into 8-week-old NOD.scid recipient mice by retroorbital injection. CD25-depleted T cells were purified by staining the lymphocytes with anti-CD25 biotin prior to isolation of the T cells using the Pan T cell Isolation Kit. Any remaining contaminating CD25 + cells were inactivated in vivo by the intraperitoneal injection of anti-CD25 (PC61; 400 μg/mouse) at the time of cell transfer. Recipient mice were maintained on Sulfatrim-supplemented water for the duration of the experiment. Urine glucose levels were monitored twice a week for 10 weeks.
To transfer diabetes from diabetic NOD mice to NOD.DO mice, total T cells were purified as described above from NOD within 2 weeks of testing positive for glucose in their urine. Purified T cells (5 × 10 6 cells/mouse) were transferred into sublethally irradiated (7.75 Gy), 6-to 10-week-old recipient NOD.DO and non-Tg littermate control NOD mice via retroorbital injection. Recipient animals were monitored for diabetes by measurement of urine glucose levels twice a week. Transfers into NOD.RAG1 and NOD.RAG1.DO mice were performed as above, with the exception that recipient mice were not irradiated prior to cell transfer.
In vivo proliferation of BDC2.5 T cells. BDC2.5 T cells were purified by negative selection from the spleens and lymph nodes of BDC2.5 Tg NOD or NOD.DO mice using a CD4 T Cell Isolation Kit (Miltenyi Biotec) and labeled with CFSE as described (26) . The CFSE-labeled T cells were resuspended at 2.5 × 10 7 /ml in PBS, and 2 to 5 × 10 6 cells were injected into NOD or NOD.DO recipients via retroorbital injection. Three days after transfer, pancreatic and inguinal LNs were harvested and CFSE + Vβ4 + CD4 + cells were analyzed by flow cytometry for dilution of the CFSE signal.
